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(Abstract) 
Organic field-effect transistors (OFETs) with molecularly doped poly(methylmethacrylate) (PMMA) gate buffer 
layer were newly investigated. Acceptor doped PMMA buffer layers with a thickness of 8 nm were deposited onto 
SiO2 gate insulator by spin-coating methylethylketone solution containing both PMMA and molecular dopants such 
as tetrafluorotertacyanoquinodimethane (F4TCNQ). Gate threshold voltage shifts in positive direction were 
commonly observed for both p-channel and n-channel transistors with F4TCNQ doped PMMA gate buffer layer. In 
p-channel pentacene thin-film transistors, higher dopant ratio led to the increase in the effective hole mobility due 
to hole doping caused by charge transfer between pentacene and F4TCNQ molecules. In n-channel transistors 
based on 1,4,5,8-naphthalenetetracarboxylicdianhydride (NTCDA) and copper hexadecafluorophthalocyanine 
(F16CuPc), F4TCNQ molecules doped into the PMMA layer behave as electron traps and NTCDA transistors are 
more susceptible to acceptor dopants than F16CuPc ones. This phenomenon in the n-channel transistors can be 
explained by energetic differences between unoccupied molecular orbital (LUMO) levels of host organic 
semiconductor and dopant molecules. 
 
(Keywords) 






Organic field-effect transistors (OFETs) have been intensely studied for developing printable electronics and 
functional applications such as sensing devices [1-3]. In order to put OFETs into practical use, control of 
semiconductor/gate-insulator interface conditions is one of the most important issues because behaviors of carriers 
injected into semiconductor layer from source electrode are mainly controlled by interface conduction. Therefore 
fabrication of well-ordered semiconductor/insulator interface has been attempted so far with a variety of 
passivation techniques. For example, inserting thin layer (~10 nm) of polymers without hydroxyl groups (-OH), e.g. 
poly(methylmethacrylate) (PMMA), into semiconductor/insulator interface is quite effective for reducing electron 
traps on insulator surface and widely used for enhancement of n-channel operation [4-7]. It is well known that 
silanol (SiOH) groups can work as strong electron attracting species when silicon dioxide (SiO2) is employed as 
gate insulator, and then polymer buffer layer is utilized for suppressing electron traps deriving from SiOH. Another 
approach toward channel interface control in OFETs is surface modification of gate insulator using 
chemically-modified self-assembled monolayer (SAMs) [8,9] and molecular dopants [10,11], which modulates 
carrier accumulation/depletion in the transistor channel and causes a large shift in threshold voltage (VTH). However, 
in the case of chemically-modified SAMs, it is hard to adjust the number density of functional groups in the SAMs 
because SAM molecules cover gate insulator surfaces uniformly in a wide area and this makes it difficult to control 
threshold voltage of OFETs precisely. An alternative choice is inserting molecular dopant layers which are usually 
deposited by thermal evaporation. For instance, a few monolayers of tetrafluorotetracyanoquinodimethane 
(F4TCNQ) and tetracyanoquinodimethane (TCNQ) are commonly used for control of transistor performance with 
interface modification [10-12]. But, this method also has some difficulties in controlling the amount of dopant 
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evaporation accurately and often results in poor reproducibility of device performances. Under these circumstances, 
we propose a new approach for control of OFET characteristics by combining the methods of molecular doping and 
ultrathin polymer buffer layer which we have demonstrated in previous reports [13,14]. In this method, molecularly 
doped polymer buffer layer was fabricated onto gate insulator surfaces by spin-coating of solution containing a 
mixture of dielectric polymer and molecular dopant. This simple wet process allows us to set the accurate mixing 
ratio of inactive polymer to dopant, enabling continuous control of OFET characteristics such as threshold voltage. 
In order to confirm our idea, we fabricated and characterized OFETs with molecularly doped gate buffer layers 
composed of typical organic semiconductor and dopant materials in this study. Based on the results, effects of the 
doping on OFET characteristics were discussed in detail. 
 
2. Sample preparation 
Chemical structures of PMMA, F4TCNQ and TCNQ are shown in Fig.1 (a), (b) and (c). Top-contact 
configuration of OFET in Fig.1 (d) was fabricated as follows. PMMA (Mw 120,000 Aldrich) was purified with a 
reprecipitation technique [13,14]. Both sublimed F4TCNQ and TCNQ were purchased from Tokyo Chemical 
Industry Co., Ltd. and employed as dopants. PMMA and each of the dopants were dissolved in methylethylketone 
(2-3 mg ml
-1 
for PMMA and 0.14-3 mg ml
-1
 for dopant) and prepared as a mixture solution in advance. A 
molecularly doped PMMA buffer layer was deposited by spin-coating the solution onto a heavily doped silicon 
wafer which has a thermally grown SiO2 with a nominal thickness of 300 nm, and baked for 10 min at 393 K with a 
hot plate. A F4TCNQ film, which was prepared for comparison, was also fabricated by spin-coating the 
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methylethylketone solution containing F4TCNQ onto SiO2. Ellipsometric measurements were performed for 
PMMA films using a DHA-FX (Mizojiri Optical Ltd.). 
We chose pentacene, 1,4,5,8-naphthalenetetracarboxylicdianhydride (NTCDA), and copper 
hexadecafluorophthalocyanine (F16CuPc) as organic semiconductor materials. Pentacene (Aldrich) and F16CuPc 
(Aldrich) were purified by train sublimation before deposition. Sublimed NTCDA was purchased from Tokyo 
Chemical Industry Co., Ltd. Organic semiconducting layers were deposited by vaccum evaporation onto doped 
PMMA buffer layers with various dopant concentrations in a vacuum of 1.0×10-4Pa. The thickness of the organic 
semiconductor films and the substrate temperature were set to be 50 nm and room temperature, respectively. After 
that, 25 nm of gold was deposited onto the organic semiconductor layer through a shadow mask to form 
source-drain electrodes. The channel length and width were 50 μm and 1 mm, respectively. Electrical 
measurements of OFETs were conducted in a vacuum (1.0×10
-1
 Pa) with a KEITHLEY 4200-SCS semiconductor 
parameter analyzer. Effective mobility (μ) and threshold voltage (VTH) were obtained from transfer characteristics 
(drain-source current (ID) vs. gate voltage (VG)) in the saturation regime. Observation of surface morphologies of 
the PMMA layers and organic semiconductor layers was performed with an atomic force microscopy (AFM) 
(JSPM-5200, JEOL). 
 
3. Results and discussion 
3.1 Surface morphology of molecularly doped PMMA layers and organic semiconductor films 
Figure 2 shows surface structures of molecularly doped PMMA layers observed with AFM. All specimens reveal 
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considerably flat surfaces and the root-mean-square (rms) roughness values of undoped, F4TCNQ-doped and 
TCNQ-doped are 0.24 nm, 0.29 nm and 0.39 nm respectively. A previous study has shown that the gate dielectric 
surface rms roughness of more than 0.5 nm considerably reduced the carrier mobility in pentacene FETs due to the 
reduction of pentacene grain size and crystallinity [15]. Since the surface rms roughness values of all the PMMA 
layers in Fig. 2 were smaller than 0.5 nm, molecularly doped PMMA layers in this study probably do not affect the 
film growth of semiconductor materials on the gate dielectric surfaces. 
Surface morphologies of organic semiconductor films deposited on undoped and doped PMMA were also 
examined with AFM. In the case of NTCDA (Fig.3), numerous granular grains were formed on both undoped and 
F4TCNQ-doped PMMA. Although both of the NTCDA films have somewhat rough surface morphology, obvious 
structural difference between the NTCDA films was not observed. F16CuPc films have smoother surfaces 
compared with those of the NTCDA films as shown in Fig.4. Pentacene films on doped and undoped PMMA 
showed similar dendritic grain growth which is typical of pentacene as shown in Fig.5 (a), (b) and (c). Here, it is 
noteworthy that molecular doping in PMMA gate buffer layer does not cause any structural difference in these 
semiconductor layers. On the other hand, pentacene films deposited on bare SiO2 (Fig.5 (d)) and SiO2 coated with 
F4TCNQ (Fig.5 (e)) show much smaller grains in comparison with the pentacene films on the PMMA layers. Since 
it is known that larger grains often give rise to higher carrier mobility in OFETs [16], surface structures of the 
organic semiconductor films should be identical regardless of molecular doping for discussing the charge transfer 
interaction between semiconductor layer and dopant in detail. Besides, in terms of controlling the threshold voltage 
in OFETs, unexpected change in field-effect mobility by molecular doping should be avoided. From these reasons, 
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the molecularly doped PMMA buffer layer is thought to be useful for altering the interface between semiconductor 
and insulator in a controllable manner. 
 
3.2 OFETs with molecularly doped PMMA buffer layers 
Transfer characteristics of pentacene and F16CuPc OFETs with undoped and doped PMMA buffer layers are 
presented in Fig.6. The thickness of the PMMA buffer layers was almost the same (8 ± 1.5 nm). The dopant ratio of 
F4TCNQ (TCNQ) was 20.0 (25.6) wt%. Here, number densities of each dopant in PMMA buffer layer were set to 
be the same on the assumption that the density of PMMA and each of the dopants are 1.2 g/cm
3
 and 1.4 g/cm
3
, 
respectively. In both Fig.6 (a) and (b), OFETs with F4TCNQ-doped buffer layers show clear doping effects, 
especially in VTH shift, while on the other hand TCNQ doped devices show smaller characteristic changes 
compared with F4TCNQ doped ones. VTH in pentacene OFET becomes shifted in the positive direction with 
F4TCNQ-doped buffer layer and this is possibly due to hole doping caused by electron transfer between HOMO 
(Highest Occupied Molecular Orbital) of pentacene (5.0 eV) [20] to LUMO (Least Unoccupied Molecular Orbital) 
of F4TCNQ (5.2 eV) [17] as depicted in Fig.6 (c), resulting in VTH shift in positive direction. On the other hand, 
pentacene OFETs with TCNQ-doped buffer layers show no clear characteristic change. This is presumably because 
electron affinity of TCNQ (4.2 eV) is smaller than that of F4TCNQ, and charge transfer between pentacene and 
TCNQ molecules does not occur sufficiently. 
In F16CuPc OFETs, VTH is largely increased with F4TCNQ-doped buffer layer, but TCNQ-doped OFETs 
revealed smaller changes in device performance. In n-channel transport of F16CuPc transistors, F4TCNQ 
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molecules with an electron affinity (5.2 eV) larger than that of F16CuPc (4.7 eV) [19] work as electron traps and 
electrons existing at LUMO level of F16CuPc under device operation are prone to move to LUMO level of 
F4TCNQ. However, TCNQ molecules cannot work as electron traps for F16CuPc layer due to smaller electron 
affinity of TCNQ (4.2 eV). We would like to note that no electron exist in the LUMO level of the semiconductor 
except under device operation. Therefore, mechanisms in which accepter dopants cause VTH shifts for p-channel 
and n-channel OFETs should be clearly distinguished. 
 
3.3 Dependence of OFET characteristics on F4TCNQ concentration in PMMA buffer layers 
OFET devices with PMMA gate buffer layers doped at various F4TCNQ concentrations were fabricated. The 
thickness of the PMMA buffer layers in all devices was also about 8 nm. First, transfer characteristics of pentacene 
OFETs with the PMMA layers doped at different ratios of F4TCNQ are shown in Fig.7 (a) and parameters obtained 
from these data are listed in Table 1. In pentacene OFETs, VTH was shifted in positive direction with F4TCNQ 
doping, and the amount of the positive shift correlates with the dopant ratio. Moreover, the values of the hole 
mobility in pentacene OFETs were also increased with the larger amount of dopant in the buffer layer, and it 
approximately doubled for the dopant ratio of 20.0 wt% (0.19 cm
2
/Vs) compared to the undoped one (0.10 cm
2
/Vs) 
as shown in Table 1. This dependence of the hole mobility on the dopant concentration can be explained as follows. 
Charge transport in organic semiconductor thin films is governed by hopping between localized states in the tail of 
an energy distribution [16,21]. At higher dopant concentrations, deeper localized states are filled with increased 
number of charge carriers and the charge transport takes place at higher energy levels. Therefore the energy center 
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of the localized states and hopping rate for holes become higher as the dopant concentration is increased, so that 
effective hole mobility is improved. Actually, when the dopant ratio was changed from 0.0 to 11.1 wt%, VTH was 
shifted in positive direction from -23.7 to -18.7 V in contrast to the relatively small increase in mobility from 0.10 
to 0.11 cm
2
/Vs. Here, donated holes are mainly employed to fill deeper localized states which are associated with 
transistor channel formation, and this contributes to the VTH shift. Successively, when the dopant ratio was 
increased to 20.0 wt%, the hole mobility was increased up to 0.19 cm
2
/Vs, with a small VTH shift of 1.1 V. This 
means that further doped holes are used to fill shallower states and improve the effective hole mobility. Finally, 
higher dopant ratio up to 33.3 wt% led to drastic increase of ID and complete normally-on operation possibly due to 
the excess hole doping directly to pentacene HOMO band. 
Next, n-channel transport properties in F16CuPc and NTCDA OFETs with PMMA layers at different ratios of 
F4TCNQ were also examined. ID-VG curves of these n-channel OFETs are represented in Fig.7 (b) and (c), and 
parameters obtained from these data are summarized in Table 2 and 3. Here N is an estimated upper limit of charge 
trap density at semiconductor/gate-insulator interface and calculated using the following equation [22,23]. 






 (1)  
where q the elementary charge, S the subthreshold swing, k the Boltzmann constant, T the temperature, and COX the 
gate capacitance per unit area. 
In the case of F16CuPc OFETs, the larger doping ratio of F4TCNQ gave rise to the increase in the VTH and the 
subthreshold swing as shown in Fig. 8 and Table 2. The VTH shift was relatively small at lower dopant ratios of 20.0 
and 33.3 wt%, however VTH increased up to 19.7 V at the dopant ratio of 50.0 wt%. The subthreshold swing, 
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which is usually related to localized states in the bulk layer or at the semiconductor/dielectric interface [24,25], also 
increased with increasing the amount of dopant. It seems that a certain percentage of F4TCNQ molecules 
embedded in the buffer layers might be exposed on the surface particularly at higher doping ratios, and they can 
work as the localized states at the semiconductor/dielectric interface. The degradation of electron mobility with 
increasing amount of dopant (Table 2) is also explainable by the change in energy distribution of localized transport 
states. F4TCNQ molecules doped into the buffer layers give rise to deep electron trap states. Actually, deep electron 




with F4TCNQ doping. In such cases, the charge transition rate between localized 
states becomes smaller, resulting in lower electron mobility. 
In the case of NTCDA OFETs, smaller amounts of F4TCNQ doped into PMMA (20.0, 11.1 and 5.9 wt%) caused 
obvious positive shift of VTH and increase of subthreshold swing, and additional F4TCNQ doping into PMMA 
(more than 20.0 wt%) disabled transistor operation of NTCDA OFETs. On the other hand, F16CuPc OFETs which 
have PMMA buffer layers doped with the ratio of 50.0 or 33.3 wt% still maintained n-channel operation as shown 
in Fig. 7 (b). These differences in n-channel transport can be attributed to the energetic difference between LUMO 
levels of NTCDA and F16CuPc as shown in Fig.9. The energetic difference between LUMO of NTCDA (4.0 eV) 
and F4TCNQ (5.2 eV) is larger than that of F16CuPc (4.7 eV) and F4TCNQ (5.2 eV). Therefore, the function of 
F4TCNQ as carrier electron traps for NTCDA should be stronger than that for F16CuPc, confirmed by more 
outstanding characteristic changes in NTCDA OFETs with F4TCNQ doping to PMMA layer.  
 
3.4 Device stability measurements of OFETs with F4TCNQ doped PMMA buffer layers 
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Device stability of OFETs with undoped and F4TCNQ doped buffer layers was examined by repeating forward 
and backward gate voltage sweeps. In this experiment, dopant ratio was set to be 20 wt% for all the samples. Fig. 
10 shows transfer characteristics of the OFETs at the initial state and after 20 cycles of gate voltage sweep. As 
shown in Fig. 10(a), IG-VD curves of the pentaceme OFET with F4TCNQ doped PMMA layer revealed no shift 
even after the repetitive gate voltage sweeps, while a small negative shift in IG-VD curve owing to the sweeps was 
observed for the device with undoped PMMA layer. Operational stability of pentacene OFETs against bias stress 
can be improved by utilizing acceptor-doped gate buffer layers possibly because of the trap-filling effects with hole 
doping in pentacene layers.  
As for n-channel transistors, transfer characteristics of the F16CuPc OFET with F4TCNQ doped PMMA layer 
were not degraded with the repetitive gate voltage sweeps, as shown in Fig. 10(b). In contrast, IG-VD curve of the 
NTCDA transistor with F4TCNQ doped PMMA layer was shifted in positive VD direction after 20 cycles of gate 
bias sweep, as shown in Fig. 10(c). In particular, this shift was prominent in the subthreshold region. These results 
on the device stability of n-channel OTFTs suggest that excessive doping can induce instability of n-channel 
operation with bias stress. Moreover, as shown in Fig. 7(a), excessive doping in p-channel devices also caused the 
drastic increase of off current and degraded the function as field-effect devices. Therefore, proper dopant ratios 
should be considered for preventing instability of device operation according to the choice of host organic 






OFETs with molecularly doped PMMA gate buffer layers were investigated in this work. Ultrathin polymer gate 
buffer layers doped with various dopants were prepared by simple spin-coating method. Acceptors doped into the 
buffer layers caused characteristic changes especially in VTH for both p-channel and n-channel OFETs. The 
observed phenomena in transistor characteristics are considered in terms of hole doping and electron trapping 
behaviors caused by acceptor dopants. Utilization of molecularly doped gate buffer layers proposed in this work 
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(Figure captions) 
Fig.1. Chemical structure of (a) poly(methylmethacrylate)(PMMA) (b) tetrafluorotetracyanoquinodimethane 
(F4TCNQ) and (c) tetracyanoquinodimethane (TCNQ). (d) A device structure of OFET with PMMA buffer layer. 
 
Fig.2 AFM images of (a) undoped, (b) F4TCNQ-doped and (c) TCNQ-doped PMMA. These films were formed by 
spin-coating. The dopant ratio was fixed at about 50.0 wt.%. 
 




Fig.4 AFM images of F16CuPc films on (a) undoped (b) F4TCNQ-doped and (c) TCNQ-doped PMMA. 
 
Fig.5 AFM images of pentacene films on (a) undoped PMMA (b) F4TCNQ-doped PMMA, and (c) TCNQ-doped 
PMMA. Pentacene films deposited on (d) F4TCNQ films and (e) bare SiO2 are also shown. 
 
Fig.6 Transfer characteristics of (a) pentacene and (b) F16CuPc OFETs with undoped PMMA (green), 
TCNQ-doped (blue) and F4TCNQ-doped PMMA (red) buffer layers. The dopant ratio was fixed at about 20.0 wt.% 
(c) Simplified energy level alignment of the materials employed in section 3.3. Numbers noted under the white and 
black bars are the LUMO and HOMO levels [17-20]. Arrows shown in the figures are the expected direction of the 
electron transfer. 
 
Fig.7 Transfer characteristics of OFETs with PMMA buffer layers doped at different F4TCNQ concentrations. 
Employed materials are (a) pentacene, (b) F16CuPc and (c) NTCDA. Numbers noted in the graphs are the mass 
ratios of PMMA and F4TCNQ (PMMA : F4TCNQ).  
 
Fig.8 Dependence of VTH on the dopant ratio in the F4TCNQ doped PMMA buffer layers. Employed 




Fig.9 Simplified energy level alignment of NTCDA, F16CuPc and F4TCNQ [17-20]. 
 
Fig,10 Transfer characteristics of OFETs with undoped and F4TCNQ doped gate buffer layers at the initial state 
and after 20 cycles of gate-sweep measurement. Employed semiconductor materials are (a) pentacene, (b) F16CuPc 


































































Dopant ratio [wt%] μ [cm
2
/Vs] VTH [V] 
20.0 0.19 -17.6 
11.1 0.11 -18.7 
0.0 0.10 -23.7 








Dopant ratio [wt%] μ [cm
2
/Vs] VTH [V] S [V/dec] N [/cm
2
] 
50.0 4.1×10-5 19.7 10.7 1.4×1013 
33.3 2.5×10-4 9.6 9.2 1.2×1013 
20.0 2.9×10-4 7.2 8.2 1.0×1013 
0.0 6.1×10-4 6.4 5.9 7.4×1012 









Dopant ratio [wt%] μ [cm
2
/Vs] VTH [V] S [V/dec] N [/cm
2
] 
20.0 4.9×10-5 -0.6 9.7 1.2×1013 
11.1 8.8×10-5 -1.2 6.3 7.8×1012 
5.9 1.6×10-4 -1.7 3.8 4.7×1012 
0.0 9.9×10-4 -3.7 2.4 2.9×1012 
Table 3. Parameters obtained from NTCDA OFETs with PMMA buffer layers doped at different F4TCNQ 
concentrations.
